Introduction
High voltage activated (L-type) calcium channels are virtually ubiquitous and are the major pathway for voltage-gated calcium entry in heart and most kinds of smooth muscle (Tsien et al., 1991) . In these tissues calcium currents are differentially modulated by guanosine nucleotide-binding proteins (Brown and Bimbaumer, 1990) and phosphorylation (Trautwein and Hescheler, 1990) . However, the sites of the channel responsible for this modulation are unknown and might reside in one of the four subunits o 1, a2, or -y, which form the oligomeric channel complex Catterall, 1991) . Complementary DNAs of these subunits have been cloned from skeletal muscle and their amino acid sequences deduced (Tanabe et al., 1987; Ellis et al., 1988; Ruth et al., 1989; Bosse et al., 1990; Jay et al., 1990) . So far only a1 and a2 have been identified
Oxford University Press in cardiac and smooth muscle but not / and -y (Mikami et al., 1989; Biel et al., 1990 Biel et al., , 1991 Koch et al., 1990) . As very similar a1 and a2 exist in both tissues, : and -y may be responsible for tissue specific channel function and modulation. We have now isolated complementary DNAs from three novel and distinct / subunits (CaB2a, CaB2b and CaB3) which are expressed in different abundance in heart, smooth muscle and brain. Like the skeletal muscle /3 subunit CaB2 and CaB3 modulate channel activity directed by the cardiac a 1 subunit alone, suggesting a similar subunit composition of calcium channels in these tissues.
Results and Discussion
Isolation of cDNAs encoding , subunits of the high voltage activated calcium channel from rabbit heart A directional oligo(dT) primed cDNA library was constructed from rabbit heart poly(A)+ RNA and 3 x 105 transformants were probed with three radiolabelled cDNA fragments covering the complete protein coding region of the skeletal muscle /3 subunit. Nine independent full-length cDNA clones were obtained which could be assigned to three different molecular species designated CaB2a (six clones), CaB2b (two clones) and CaB3 (1 clone) on the basis of restriction enzyme mapping and sequence analysis. Figure 1 shows the deduced primary structures of the cloned cDNAs encoding rabbit / subunits CaB2a, CaB2b and CaB3 which were deduced by using the reading frame corresponding to the amino acid sequence of the skeletal muscle counterpart (CaB1) (Ruth et al., 1989 97.2% (CaB2a/CaB2b) sequence homology between the four /3 subunits. CaB2a and CaB2b are identical in the coding and noncoding nucleotide region except for the 5' end of the nucleotide sequence containing the predicted amino termini of the two proteins. The nucleotide sequence of CaB3 is completely different from CaB2a and CaB2b whereas based on amino acid sequence there is considerable similarity between the three proteins. An analysis of the three amino acid sequences for local hydropathicity (Kyte and Doolittle, 1982) revealed the absence of either a typical membrane spanning domain or of a signal sequence. Secondary structure analysis (Chou and Fasman, 1978 ) predicts a high degree of a-helical content. Four ae-helical domains noted for CaB1 (Ruth et al., 1989) are relatively well conserved in CaB2a, CaB2b and CaB3, including an eight amino acid repeat which starts and ends with leucine or isoleucine and is interspersed by negatively charged residues. The function of these regions is unknown, but it is assumed that they play a role in divalent cation binding (Ruth et al., 1989 are modulated by cAMP-dependent phosphorylation (Kameyama et al., 1985; Hartzell et al., 1991; Welling et al, 1991) . However, the phosphorylation site responsible for this regulation is unknown. The skeletal muscle ( subunit can be phosphorylated in vitro by cAMP-and cGMPdependent protein kinase, protein kinase C, casein kinase Cal3 CaB2a
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Ca42b CaCl CaB3 Ca82a CaB2b Cagl II and calmodulin-dependent protein kinase (Curtis and Catterall, 1985; Flockerzi et al., 1986; Jahn et al., 1989 combinations being less sensitive. CaB2a and CaB2b alter channel properties conferring acceleration of channel activation kinetics (Table I) with CaB2b being the more effective subunit type. Combination of the three subunits and the skeletal muscle a2 caused a more than additive increase in the amplitude of IBa (Figure 2 and Table I ) and the current decay rate (Figure 2) , whereas current rise time is similar to the current from a 1 +a2 alone (Table I) .
Tissue specific expression of CaB 1, CaB2 and CaB3
The tissue distribution of the mRNA for CaB1, CaB2 and CaB3 was analysed by Northern blot analysis ( Figure 3 ). As noted earlier (Ruth et al, 1989; Biel et al., 1991) CaB1-specific transcripts (Figure 3a ) of 1.6, 1.9 and 3.0 kb are present in skeletal muscle. The 3.0 kb transcript is also present in brain. In heart, CaB2 (Figure 3b ) hybridizes to two major mRNA species of 4.9 and 2.7 kb and to a less abundant 2.2 kb transcript. In aorta, brain, lung and trachea, CaB2 recognizes slightly larger transcripts (3.0 and 5.2 kb) than in heart, yet the third species detected in brain and aorta is the same size as the cardiac 2.7 kb transcript. CaB3 specific transcripts (Fig 3c) are predominantly expressed in brain and to a minor extent in aorta, trachea and lung. In heart and skeletal muscle CaB3 hybridizes to two low abundant 2.7 and 3.0 kb mRNA species. Species of the same size are also present in aorta, trachea and lung. In brain, CaB3 hybridizes to 2.4 and 2.7 kb transcripts.
Characterization of CaB2-and CaB3-specific transcripts expressed in aorta and brain by polymerase chain reactions In order to demonstrate that the species detected in the Northern blot of aorta and brain mRNA were derived from the same genes as the cDNAs cloned from heart, specific cDNAs were synthesized by polymerase chain reactions using specific primer pairs for CaB2 (primers 1 and 2) and CaB3 (primers 3 and 4) and oligo(dT) primed cDNAs from rabbit aorta and brain as templates. The general localization of the sequences spanned by the primers used is depicted in Figure 4a . Specifically amplified sequences were subcloned and several of the clones obtained were sequenced on both strands (Figure 4b ). Clones amplified from aorta cDNA with primers 1 and 2 had an identical sequence to CaB2 cloned from heart. For example, the DNA sequence of rabbit aorta clone 3 is exactly the same as that of CaB2. Using the same primer pair but cDNA from brain yields specific amplification of two similar but not identical classes The present study demonstrates by molecular cloning the existence of calcium channel ,B subunits in cardiac muscle, aorta and brain and that these subunits are derived from at least two distinct genes, CaB2 and CaB3. Like the skeletal muscle protein (Lacerda et al., 1991; Mori et al., 1991; Singer et al., 1991; Varadi et al., 1991) these subunits modulate channel activity directed by the cardiac ael subunit alone, suggesting a fundamental structural relatedness of the oligomeric calcium channel complexes present in these tissues and in skeletal muscle. This modulatory effect is unique to each subunit and may be due to the extent of protein expression in the oocyte and/or linkage to the cardiac a 1. This is in accordance with the finding that CaB1, CaB2 and CaB3 mRNAs are expressed tissue-specifically and might interact with different types of alI subunits. In fact, distinct molecular species of al subunits have been identified in these tissues Koch et al., 1990; Mikami et al., 1989; Mori et al., 1991) . Thus different types of calcium currents observed in excitable tissues and their 888 distinct regulation by guanine nucleotide-binding proteins and phosphorylation may depend on channel composition.
Materials and methods
cDNA library A directional, oligo(dT) primed cDNA library was constructed using RNase H-free Moloney murine leukaemia virus reverse transcriptase and 10,tg of poly(A)+ RNA from rabbit heart. 22.5 ng of the size selected (>2 kb) cDNA from heart was cloned into pSPORT1 (Gibco BRL Life Technologies). After electroporation in Escherichia coli XLI-blue (Stratagene) -3 x 105 clones were obtained. Screening with radiolabelled cDNA fragments covering the complete coding region of the skeletal muscle ,B subunit (Ruth et al., 1989 ) yielded nine positive clones, which could be divided into three classes (CaB2a, CaB2b and CaB3) by restriction enzyme mapping: (i) CaB2a, clones pBH 19, 20, 22, 13, 5, 7;  (ii) CaB2b, clones pBH 27, 17; and (iii) CaB3, clone pBH23. Recombinant DNA was propagated in BI and B2 host vector systems under S1 containment conditions according to German law. The cDNAs obtained were sequenced on both strands.
In vitro transcription and expression of RNA in Xenopus oocytes RNAs specific for the cardiac cx 1 and the skeletal muscle a2 subunits were synthesized in vitro using Asp718-cleaved pCaH Singer et al., 1991) and Sall-cleaved pCaA2 as templates. Capped ,B-specific in vitro RNA was synthesized using T7 RNA polymerase from clone pBH17 (CaC2b), pBHl9 (CaB2a) and pBH23 (CaB3) after linearizing with NotI. Translation was optimized by removing the total 5' untranslated sequence from pBH23 and replacing it with the sequence TCGACGGTACCGCCGCCACC, which includes the consensus sequence for initiation of translation in vertebrates (Kozak, 1987) . In each experiment, 20-30 defolliculated oocytes were injected with (xl cRNA, a I +/3 cRNAs or a I +a2 +( 3cRNAs at 1: 1 and 1: 1:1 stoichiometry, respectively (3.3 -5 ng of each subunit at a concentration of 0.5 mg/ml). After 3 or 4 days of incubation at 22°C the oocytes were injected with -200 pmol EGTA 1 day before testing the currents. IBa was measured at 22°C in 40 mM Ba2, 2 mM K+, 60 mM Na+ and 5 mM HEPES (pH 7.4). The two-electrode voltage clamp, data aquisition and subtraction procedures were as described by Singer et al. (1991) .
Northern blot analysis
Rabbit poly(A)+ RNA was separated on 1.2% agarose gels in 10 mM sodium phosphate ( . 889
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